INTRODUCTION
The continuous extraction of electrons and protons from water is a key step in sustaining life on Earth, and research on such processes is crucial for developing renewable energy systems via artificial photosynthesis (Walter et al., 2010) . In nature, water oxidation occurs at the Mn 4 CaO 5 cluster in photosystem II (PSII), with a low overpotential of around 160 mV and high rate of 100-400 s À1 (Cox et al., 2013; Najafpour et al., 2016; Umena et al., 2011; Limburg et al., 1999) . Although Mn complexes and oxides have been developed as promising water-oxidation catalysts (WOCs) (Najafpour et al., 2016; Limburg et al., 1999) , the activity gaps between artificial catalysts and the Mn 4 CaO 5 cluster are large (Najafpour et al., 2016) . One primary reason for the ineffectual development of Mn-based WOCs is our limited understanding of the wateroxidation mechanism in PSII. In conventional mechanistic models, Mn IV = O , and Mn V = O species are widely accepted as key intermediates for both Mn 4 CaO 5 clusters and synthetic catalysts (Cox et al., 2013; Zahran et al., 2016; Najafpour et al., 2016; Jin et al., 2017) . However, these mechanisms do not reflect the unique redox chemistry of Mn (five valences, varying from Mn II to Mn VII , incorporation of many disproportionation and comproportionation reactions, moderate oxidation potentials from Mn II to Mn VII ) and the fact that low-valent Mn III species and high-valent MnO 4 À species are usually observed during water-oxidation catalysis (Takashima et al., 2012; Yagi and Narita, 2004; Limburg et al., 1997 Limburg et al., , 1999 . Significant improvements in the catalytic performance of Mn-based WOCs could be aided by the exploration of more appropriate catalytic mechanisms for Mn-based catalysts. Here, we report the first direct experimental evidence for the formation of a Mn VII = O intermediate during catalytic water oxidation on a c-disordered d-MnO x , MnO x -300, which was previously developed by our group (Zhang et al., 2017) . On the basis of this discovery, an innovative water-oxidation mechanism that involves Mn VII = O is proposed. This new information on water oxidation with a Mn-based catalyst might help designing more efficient Mn-based WOCs for artificial photosynthesis.
RESULTS

Observation of an Intermediate State at 0.93 V by Electrochemical Study
The cyclic voltammetry (CV) curve of MnO x -300 ( Figure 1A) shows that as the potential increases, the MnO x -300 film is gradually oxidized. When the potential approaches the water-oxidation onset potential, at around 1.1 V (Zhang et al., 2017) , the active Mn sites are oxidized to a high oxidation state, followed by the evolution of oxygen. There are no distinct oxidation peaks, and only one broad wave is observed before the initiation of water oxidation at around 1.1 V versus the normal hydrogen electrode (NHE), indicating the presence of strong electronic interactions between Mn sites in MnO x -300 (Zaharieva et al., 2012 However, we observed a distinct reduction peak at 0.93 V during a negative scan; this peak does not appear when the potential is swept in the range 0.7-1.05 V, in which water oxidation does not occur ( Figure 1A ). In addition, there is no evident reduction peak in the potential region 0.7-1.5 V in the CV curve of MnO x -300 in a CH 2 Cl 2 electrolyte, in which no water is present ( Figure S1 ). Figure 1B shows that the peak at 0.93 V appears in the first cycle in the CV curve of MnO x -300 after electrolysis (EL) at 1.1 V, at which water oxidation is initiated (Zhang et al., 2017) . The reduction peak vanishes in the second cycle because the relevant species were reduced during the first scan. In contrast, no reduction peak is observed for MnO x -300 after electrolysis at 1.05 V. The negative-scan linear sweep voltammetry (LSV) curves in Figure 1C show that the increment in the current intensity of the peak at 0.93 V is consistent with the increase in the catalytic current density with increasing LSV initial potential.
These results clearly show that the reduction peak at 0.93 V is attributable to the reduction of an active intermediate state, and its generation strictly corresponds to initiation of the water-oxidation reaction. We further found that the intermediate state rapidly and repeatedly accumulates in MnO x -300 after electrolysis at 1.4 V, at which voltage catalytic water oxidation is fast ( Figures S2-S4 ). Figure 1D shows that complete degradation of the generated active intermediate state occurred in a period of 60 min; this can be considered as its lifetime under the experimental conditions. spectroscopy, which has been successfully employed to identify surface active species on metal oxides, such as Co 3 O 4 and Fe 2 O 3 (Zandi and Hamann, 2016; Zhang et al., 2014) . Compared with the infrared (IR) spectrum of pristine MnO x -300, four new IR peaks, at 1130, 1036, 980, and 912 cm À1 , were observed in the spectrum of MnO x -300 after electrocatalysis at 1.4 V (Figure 2A ). The first three peaks are assigned to either or both physisorbed and coordinated phosphate groups, because these peaks are invariable ( Figure 2B ), potential independent ( Figures 2C and S5 ), and consistent with the IR absorption peaks of potassium phosphates ( Figure S6 ). The absorption peak at 912 cm À1 gradually vanishes within 60 min ( Figure 2B ) and appears only when the applied potential is higher than the water-oxidation onset potential ( Figure 2C ). We already found that the reduction peak at 0.93 V completely vanished after the first cycle of the negative CV scan (Figures 1B and S2) . Consistent with this, no 912 cm À1 peak was observed in the IR spectrum of MnO x -300 after electrocatalysis followed by a negative CV scan ( Figure S7 ). In addition, given the consistency in the degradation rate and the potential-dependent generation between the 912 cm À1 peak and the reduction peak at 0.93 V, it is reasonable to attribute the 912 cm À1 peak to the same active intermediate state as that observed in the above-mentioned electrochemical study.
To confirm that the observed intermediate state is essentially involved in water oxidation catalyzed by MnO x -300, we investigated the precursor of MnO x -300, denoted by MnO x -as, which has no catalytic activity in water oxidation (Zhang et al., 2017) . The IR peak at 912 cm À1 was absent from the IR spectrum of MnO x -as after electrolysis at 1.4 V ( Figure 2D which shows that ÀOH is not involved in the structure of this intermediate state ( Figure 3A ). For MnO x -300 after electrolysis in H 2 18 O electrolyte, a strong isotopic counterpart at 877 cm À1 of the 912 cm À1 peak appeared, i.e., an isotopic shift of 35 cm À1 , suggesting that the surface intermediate species has O in its structure. The time-resolved changes in the multiple isotopic peaks are shown in Figure 3B . In the first 12 min, the intensity of the 877 cm À1 peak decreased rapidly and that of the 912 cm À1 peak grew significantly. After 30 min, the 877 cm À1 peak became indistinct and the 912 cm À1 peak intensity decreased compared with that of the peak at 12 min. Both peaks vanished after 180 min. This demonstrates that the O atoms in the intermediates exchange rapidly with either or both atmospheric water and oxygen. This further proves that the intermediate is in a very reactive state. Najafpour et al., 2016; Jin et al., 2017) . However, the vibration frequency of the MnO x -300 intermediate cannot be attributed to any of these species, because the vibration frequencies of Mn IV = O (Chu et al., 2001; Czernuszewicz et al., 1988) , Mn V = O (Chu et al., 2001; Workman et al., 1992) , and superoxide-like
Mn species (Che and Tench, 1983; Baltanas et al., 1984) Figure 3C ). Moreover, an 18 O isotopic shift of 34 cm À1 for KMnO 4 has been reported (Dong et al., 2002) , which is in good agreement with the detected 35 cm À1 shift for the intermediates. We observed MnO 4 À release from the surface of the MnO x electrode during the first tens of seconds of electrolysis at 1.4 V, but it vanished within a minute (Video S1 and Figure S12 ). We therefore propose that the active intermediate state consists of a Mn VII = O species bonded to the positively charged surface of MnO x -300 ( Figure 3D ).
To clarify the nature of the identified intermediate, we investigated five lines of experimental evidence to distinguish it from free MnO 4 À , which is usually a corrosive by-product during water oxidation with Mn catalysts (Limburg et al., 1997 (Limburg et al., , 1999 Yagi and Narita, 2004) . The first two direct differences between the Mn VII = O species and MnO 4 À are the shifts of the CV reduction peak and the IR absorption peak. In addition to the expected reduction of the Mn VII = O species at 0.93 V, another peak, at 0.77 V, which still remained in the second cycle of the negative CV scan, was observed, as shown in Figure 3E . The latter peak clearly corresponds to the reduction of KMnO 4 in the electrolyte. Figure 3C ). A similar red shift of the IR peak has been reported for KMnO 4 adsorbed on b-MnO 2 (Abbas and Nasser, 2000) . This supports the hypothesis that the intermediate species is a Mn VII = O species bound on a MnO x nanostructure.
The third argument is the specific degradation of the Mn VII = O species, shown in Figure 2B . To achieve a better comparison with the generated Mn VII = O species, KMnO 4 was drop-cast on a MnO x -300 sample after electrolysis at 1.4 V for 20 min and a negative-scan CV was then performed to remove the generated Mn VII = O species. After drying, the mixture was collected for IR spectroscopy. No significant degradation was observed in a mixture of KMnO 4 and the processed MnO x -300 ( Figure 3F ). The observed fast 18 O exchange of the intermediate in Figure 3B is the fourth solid piece of evidence, because KMnO 4 does not exchange with ambient oxygen at room temperature (Yiu et al., 2011; Shafirovich et al., 1981) . Rapid O exchange with ambient oxygen occurs only for some activated MnO 4 À species, such as [2BF 3 , MnO 4 ] -species (Yiu et al., 2011) , and a Mn IV -Mn VII surface complex (Shafirovich et al., 1981) . Direct investigation of the oxidative reactivity of our Mn VII = O intermediate species is the fifth probe (see Transparent Methods and Figures S13-S15). It has been reported that KMnO 4 can oxidize CH 3 OH at room temperature but the reaction rate is extremely slow, unless the KMnO 4 is activated by a strong Lewis acid (Du et al., 2011) . Here, we found that the degradation of our Mn VII = O species in CH 3 CN with 0.1 M CH 3 OH was complete within 1 min ( Figure 3G ). In contrast, the degradation of KMnO 4 under the same conditions was negligible even after 6 hr ( Figure S15) .
These results fully demonstrate that the identified Mn VII = O species is a disparate species with a reactivity much higher than that of free MnO 4 À . The higher reactivity of the Mn VII = O species can be attributed to its bonding to the charged bulk surface, which acts similarly to a Lewis acid, which has been proved to significantly enhance the oxidative reactivity of MnO 4 À (Du et al., 2011; Yiu et al., 2011) .
DISCUSSION
On the basis of these results, we could propose a catalytic water-oxidation mechanism that involves Mn VII = O. However, we first have to address two essential questions. (Shafirovich et al., 1981; Dzhabiev, 1989 Yagi and Narita, 2004; Limburg et al., 1999) .
Strong electronic interactions between Mn sites in MnO x -300 before the generation of the Mn VII = O sites were also observed in positive scans of MnO x -300 (see Figure 1A ) (Zaharieva et al., 2012 Figure 4A ) (Shafirovich et al., 1981; Shafirovich, 1978 Figure 4B ) (Krebs and Hasse, 1974) . Recently, a highly active pendant Mn VII = O moiety on a cubic Mn-nitride complex was suggested as a synthetic structural model of the proposed S4 state in PSII ( Figure 4C ) (Vaddypally et al., 2017) . The work by Lau's group shows that MnO 4 À activated by a strong Lewis acid, namely, BF 3 , rapidly evolves O 2 via intramolecular coupling of two Mn-oxo species ( Figure 4D ) (Yiu et al., 2011) . A Mn VII -nitrido complex was also reported by the same group as an essential intermediate in Ce IV -driven water oxidation (Ma et al., 2015) . All these previous reports suggest that oxygen evolution at a Mn VII = O site bonded to an oxidized cluster is not only thermodynamically possible but also has rapid kinetics. (Krebs and Hasse, 1974) . It rapidly produces O 2 at T R À4 C.
(C) Structure of the cubic Mn-nitride complex (Vaddypally et al., 2017 Fluorine-doped tin oxide (FTO) substrates were purchased from Pilkington (resistance of ∼8 Ω·cm -2 ) and were cleaned inside an ultrasonic bath in water and ethanol for 30 min.
Transparent Methods
Materials
Preparation of MnO x -300
The precusor manganese oxide film MnO x -as was electro-deposited from an aqueous solution of 5 mM (CH 3 COO) 2 Mn and 50 mM NaCl at 1.4 V for 30 minutes. Further annealing at 300 º C for 2 hours was performed to obtain the active MnO x -300.
Electrochemical Measurements
All electrochemical experiments employed a CHI 650e potentiostat in a single-compartment cell with a three-electrode configuration. The cell was equipped with a FTO electrode with manganese oxide film as the working electrode, a platinum mesh as the counter electrode and an Ag/AgCl (3.5 M KCl in water) as the reference electrode. All experiments were conducted at ambient temperature (∼25°C). All cyclic voltammograms (CV) and linear scan voltammograms (LSV) were taken with scan rate of 10 mV s -1 . Potential versus NHE was calibrated by using Ru(bpy) 3 Cl 2 as a reference with E(Ru II/III ) = 1.26 V.
Infrared Spectroscopy Measurements
The attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) spectra
were measured on a Thermo Scientific Nicole Is5 FT-IR spectrometer. For the general ATR-FTIR determination, manganese oxide electrodes treated after various processes were carefully rinsed by pure water and dried quickly by a N 2 flow for tens of seconds; then the manganese oxides were quickly scraped from the FTO electrode to determine their infrared absorption spectra.
Comparison of CV curves of MnO x -300 in aqueous and CH 2 Cl 2 electrolyte
When a CH 2 Cl 2 solution with 0.1 M n-Bu 4 NPF 6 was used in place of the aqueous electrolyte which is indispensable for the water oxidation reaction, there was no distinct reduction peak in the CV curve of MnO x -300 within the potential range of 0.7-1.5 V ( Figure S1 ).
Electrochemical investigation on the generation of the intermediate during water oxidation
After the MnO x -300 was electrolyzed at 1.4 V for 2 min, where the catalytic water oxidation was fast, the following negative-scanned CV showed in the first cycle a large reduction peak, indicating abundance of the intermediates were formed and accumulated in MnO x -300 during water oxidation ( Figure S2 ). The reduction peak completely disappeared in the second cycle because the generated intermediates have been reduced in the first scanning. Repeats of the above process showed coincident CV curves. It means that the generation of the intermediate after the same process of electrolysis is repeatable ( Figure S3 ). We also found that the formation of the intermediate needs at least 15 min to reach a saturation value along with the equilibrium of electrocatalytic water-oxidation reaction ( Figure S4 ). 
Consistency
Isotopic IR spectroscopy
In order to get rid of the overlap in the IR absorption (e.g. band 1036 cm −1 and 980 cm −1 ) of the phosphate group, the related catalysis by MnO x -300 was carried out by employing 1.0 M KOH solution, in which the water-oxidation onset potential of MnO x -300 is 0.65 V ( Figure S8 ). In the IR spectrum of MnO x -300 after electrolysis at 0.85 V where the rate of water oxidation is fast, 912 cm −1 is the only distinct new peak compared to the IR spectrum of pristine MnO x -300 ( Figure S9 ). The same as under neutral conditions, the 912 cm −1 peak only shows up when the applied potential of electrolysis is higher than onset potential of 0.65 V ( Figure S10 ). The slow degradation of the 912 cm −1 peak was also observed ( Figure S11 ). These indicate that the intermediate species involved in the catalysis under basic conditions is the same as the one revealed under neutral conditions. Therefore, it is rational to perform the isotopic IR spectroscopic study with the catalysis in KOH electrolyte solution. 
Assignment of the 912 cm -1 peak
The 912 cm −1 peak matches with the IR absorption frequencies of KMnO 4 , which is at 896 cm −1 (Figure 3c ). Moreover, we did observe some purple colored species releasing from the surface of the MnO x electrode during the very first tens of seconds of the electrolysis at 1.4 V, and then vanished in an minute (see Supplemental Video 1). The solution with the purple colored species was quickly taken out from the electrode surface and detected by UV-Vis, which clearly identified it as MnO 4 − ( Figure S12 ). These observations prove that Mn VII can be reached during water-oxidation catalysis. ( Figure S14 ).
Reactivity of the
The reaction of 0.1 mM KMnO 4 with 0.1 M CH 3 OH in CH 3 CN was monitored by UV-Vis absorption, which was measured with a PerkinElmer Lambda 750 UV-Vis spectrophotometer.
After even reaction for 6 h, the degradation of the KMnO 4 is still negligible. (Figure S15 ). These results support that the Mn VII =O species is much more reactive than MnO 4 − .
